This paper analyses the international spill-overs of uncertainty shocks originating in the US. We estimate an open economy, structural factor-augmented vector autoregression (FAVAR) model that identifies the uncertainty shocks and estimates the impact of these uncertainty shocks to the US economy, major world economies and a small open economy, namely New Zealand. As is common practice in the literature we use the VIX as our uncertainty measure but we also propose a measure of a uncertainty based on taking a principal component of the VIX and three other commonly used measures of uncertainty. Such an approach removes the idiosyncratic component that any individual uncertainty measure may have. We find that an unexpected increase in uncertainty is isomorphic to negative demand shocks in the US. Further that the US specific uncertainty shock is associated with synchronized downturns in the other advanced economies. Finally the data-rich nature of our model allows us to investigate different transmission channels from the US to the rest of the world. We find the confidence channels, measured by the expectations surveys, are a particularly important transmission of the uncertainty shock to our small open economy.
Introduction
The effects of the Global Financial Crisis, although it originated in the US, have been felt around the world. Despite large amounts of monetary and fiscal stimulus in the US and other countries, most advanced economies have experienced prolonged and synchronised downturns. Recently economists are recognising the role uncertainty plays in the business cycle, particularly in the US. 1 The possibility therefore arises that the effects of an uncertainty shock originating in the US could have an effect on global business cycles.
In this paper, we provide empirical evidence about the international transmission of US uncertainty shocks to other advanced economies -Australia, Canada, China, the Euro area, Japan, the UK -and a small open economy, namely New Zealand. New Zealand is
an ideal small open economy test case, as it is a developed country with good institutions, a long tradition of independent monetary policy and a floating exchange rate. Further there is a considerable amount of available reliable data. Data is an important consideration for our empirical strategy as we estimate an international Factor-Augmented VAR (FAVAR), which relies on panels of world and country specific data. We identify uncertainty shocks following a two-step procedure similar to Bernanke et al. (2005) . First, we estimate factors as principal components to summarise the information contained in our large dataset. Second, we estimate a VAR with these factors and a measure of uncertainty. We use a recursive identification scheme to identify uncertainty shocks. Our main findings are as follow. A US uncertainty shock causes a domestic recession with activity measures and inflation falling; in response the Fed funds rate is cut. On the financial side, credit growth and asset prices fall, while interest rate spreads increase. The same shock has statistically significant effects on the other major economies in our dataset, with output, inflation and stock prices falling in each country. In addition, commodity prices, including oil prices, fall in response to the uncertainty shock. In our small open economy, New Zealand, output, inflation and interest rates all fall and the exchange rate depreciates against the US. We find that financial variables and expectations are the main channels of transmission from the world to New Zealand. In our baseline specification, we use VIX as our measure of uncertainty and a model with 3 New Zealand factors and 5 international factors. We use the VIX as our baseline as it is the most common mea-1 Stock and Watson (2012) , for example, argue that financial disruptions and heightened uncertainty shocks are the primary cause of the 2007-2009 recession in the US. Leduc and Liu (2012) , Alexopoulos and Cohen (2009) , Bloom (2009) , Bachmann et al. (2010) , Baker et al. (2012) all look at how uncertainty interacts with the US business cycle sure of uncertainty in the literature. Recognising that all measures of uncertainty are not completely perfect (that is they may have their own idiosyncratic component) we take three other common measures of uncertainty along with the VIX and create an factor.
We use this factor as an alternative uncertainty measure. Our alternative specification yields similar, but not identical, transmission channels of uncertainty shocks. The FAVAR framework has a number of advantages in contrast to a standard structural VAR. FAVAR allows the use of a very large amount of information that is available to the economic agents therefore potentially minimising the omitted variable bias in a small VAR. Further the FAVAR overcomes the issue of, sometimes arbitrary, choice of variables to represent certain macroeconomic concepts. The identification of international transmission channels is challenging because involves estimating a model with many countries and many variables. The FAVAR allows us to analyse the effects of the identified shock on a large number of variables for many countries. There are alternative approaches to dealing with the dimensionality issue, namely GVAR. In the GVAR the country dimension is large, but the number of variables which can be examined in each country is limited. For example Chudik and Fratzscher (2011) use a GVAR approach to examine the transmission of US liquidity and risk shocks during the Global Financial Crisis to a number of countries, but can only look at four variables. Alexopoulos and Cohen (2009) take another approach to looking at the impacts of uncertainty on a large number of variables -specifically the dynamics of the components of GDP. Their approach is essentially based on the small VARs approach as they estimate multiple VARs but change the variables by adding and subtracting variables sequentially. Their focus is solely on the US however. The remainder of the paper is structured as follows: Section 2 introduces the empirical framework, and discusses estimation and identification, section 3 presents and discusses the results.
Section 4 concludes.
Empirical Framework
In this section we first describe our dataset. We then present the FAVAR model and discuss out identification strategy.
Data
We use data from various sources including national statistics agencies. Most of the data is retrieved using HAVER. There is no agreement about an ideal measure of uncertainty. Therefore we consider two alternative measures. Because our objective is to investigate the transmission of an uncertainty shock originating in the US, we rely on US based measures of uncertainty. The first measure is the implied volatility index of SP 500 (VIX). VIX is our first choice as it has been popular in studies investigating the impact of uncertainty shocks and enables us to compare our results directly to these studies. The second measure is constructed by taking a factor of the VIX and three other commonly used uncertainty measures. The first of these measures is the Michigan Survey of Consumers -specifically the share of households who report uncertainty about the future as a reason for delaying their large household goods purchases (see Leduc and Liu (2012) ). The second measure is the Economic Policy Uncertainty Index recently suggested by Bloom (2009) . The third measure uses data from the Survey of Professional Forecasters and constructs a measure of uncertainty as the percent difference between the 75th percentile and the 25th percentile of the 1 quarter ahead projections for the quarterly level of the US GDP. In order to make the uncertainty measures as compatible as possible with our identification restriction (namely uncertainty is not contemporaneously affected by the other shocks), our measures of uncertainty are taken from the first month of the quarter.
[ Figure 1 about here.]
To illustrate why we take a factor of the uncertainty measures consider Figure 1 , which plots all the measures of uncertainty. They all show a general countercyclical pattern and rise during major economic disruptions such as the Asian crisis and the recent global financial crisis. There is nonetheless some heterogeneity in these four measures. Intuitively as two of the measures are survey measures (Michigan and Survey of Professional Forecasters) they may be subject to volatility not reflecting uncertainty but sample error.
Further Bekaert et al. (2010) for example argue that the VIX can be decomposed into an uncertainty and risk aversion component. Extracting a factor from these four individual data series to helps eliminate the idiosyncratic movements and get closer to a "truer" measure of uncertainty. The model is sequentially estimated using both the VIX and the factor uncertainty measures. We find that our results are qualitatively and quantitatively similar across alternative measures.
Estimation and identification
We estimate our model using a FAVAR approach as proposed by Bernanke et al. (2005) .
The FAVAR approach combines the standard VAR approach with estimated unobserved factors extracted from our large data set. We extract two sets of factors, domestic (F t ) and foreign (F * t ), using principal components analysis. We model the joint dynamics of the extracted factors and the uncertainty index (U t ) by a reduced form VAR as follows:
where U t is a measure of uncertainty, F * t and F t are sets of foreign and domestic factors respectively, β(L) is a conformable lag polynomial of order p and u t s are the reduced form residuals. The structural disturbances follow u t = Ω 1/2 ε t , with ε ∼ N (0, 1) and Ω = A 0 (A 0 ) where A 0 is the matrix of contemporaneous coefficients. The construction of our uncertainty data means we use a Cholesky identification scheme to identify the uncertainty shocks. In particular, we order the variables in the following order: uncertainty measure (U t ), international factors (F * t ) and domestic factors (F t ), which assumes that uncertainty does not respond to the current quarter information contained in the domestic and foreign factors but not otherwise. Furthermore, we impose block exogeneity restrictions such that uncertainty and foreign factors don't respond to New Zealand factors. Therefore β(L) is:
We assume that our large dataset can be represented as a linear combination of the latent factors as:
where X * t and X t are vectors of observables for foreign and domestic blocks, respectively. Λ F * , Λ F and Λ D are matrices of factor loadings. Finally e * t and e t are vectors of idiosyncratic, zero mean, disturbances. This structure, in particular the matrix Λ F , ensures that we incorporate the effects of foreign factors in the domestic block. Once we estimate the impulse responses of the factors in response to an uncertainty shock, the factor loadings are used to calculate impulse responses for all variables in our dataset.
[ Figure 2 about here.] Statistical tests such as Bai and Ng (2002) provide criteria to determine the number of factors to be extracted from a large dataset. However, as Bernanke et al. (2005) argue, this criterion does not address the question of how many factors to include in the VAR specification. We determine the number of factors by examining the eigenvalues from the eigenvalue-eigenvector decomposition of the sample co-variance. Figure 2 plots the change in the eigenvalues for domestic and foreign datasets. Visually inspecting Figure 2 shows that 3 domestic and 5 foreign factors is where we begin to observe small changes in the scree plot; this represents the point where the remaining variance in the data explained by additional factors is small. Therefore given our relatively small sample size, we conduct our main estimations with 3 domestic and 5 foreign factors.
In order to control for the effect of foreign factors on the domestic block, we estimate domestic factors following an iterative approach as in Boivin and Giannoni (2007) and Charnavoki and Dolado (Charnavoki and Dolado) . Starting from an initial principal component estimate of F , denoted by F 0 , we iterate through the following steps:
1. Regress X t on F 0 t and foreign factors F * t to obtain λ F .
2. Compute X t = X t − λ F * F * t to eliminate the contemporaneous effects foreign factors on X t .
3. Estimate F 1 t as the first K-5 principal components of X t .
Back to 1
We estimate the model using Bayesian method for the period 1994Q3-2011Q2. In setting the prior distributions, we use Minnesota priors that incorporate the belief that the more recent lags should provide more reliable information than the more distant ones and that own lags should explain more of the variation of a given variable than the lags of other variables in the equation. The hyperparameters are set as
where λ 1 controls the standard deviation of the prior on own lags, λ 2 controls the standard deviation of the prior on lags of variables other than the dependent variable, λ 3 controls the degree to which coefficients on lags higher than 1 are likely to be zero and λ 4 controls the prior variance on the constant. We impose block exogeneity by imposing tight zero priors on the coefficients on domestic factors in uncertainty and foreign factor equations.
We use four lags and employ 100,000 Gibbs replications while discarding the first 50,000
as burn-in sample.
Results
In this section we present the results from our estimation. Section 3.1 presents and discusses the estimated factors. Section 3.2 presents impulse responses of the US variables to a one standard deviation shock to both the level of VIX index and the uncertainty factor. Sections 3.3 and 3.4 present the impulse responses for the world and the New Zealand variables respectively. In subsection 3.5 we present the forecast error variance decompositions. Figure 3 plots the estimated factors. Aside from splitting our factors into foreign and domestic factors to allow us to impose our block exogeneity structure on the VAR, we are agnostic about what the factors represent.
Factors
[ Figure 3 about here.]
Factors are entirely statistical phenomena by construction, never-the-less it is useful to examine their correlations with observed variables to give them some economic meaning and help us understand our results. The first foreign factor is negatively correlated (greater than 0.5) with various foreign GDP and industrial production variables. The second factor displays a strong correlation with longer-dated interest rates. The third factor is highly correlated with prices -both producer price indices and export and import prices, while the fourth factor is correlated with export and import volumes. The fifth factor can be loosely described as a confidence factor -positively correlated with measures of consumer confidence (particularly in the US) and other variables that are driven by confidence, namely house and equity prices. Related to this confidence interpretation of the fifth factor, it is also strongly negatively correlated with the interest rate spreads -which we would expect to fall when confidence rises.
It is also informative to see how much of the variance in some key series are explained by the factors using the R-squared, which is shown in table 2.
[ Table 1 about here.]
For quarterly growth in GDP the factors explain as little as 19% for Australia to around 75% for the Euro area; with the R-squared for Canada, U.K. and U.S. all being in the high-60s or 70s. A considerable proportion of world commodity prices is explained by the factors (85%), which is encouraging given this is a likely channel through which an uncertainty shock would be transmitted to New Zealand and therefore it is important that this channel can be captured by our model; further 65% of the variance in the oil price, a key variable in the global economy, is explained by the factors. The heterogeneity of R-squared numbers we observed across countries for GDP is also present for nominal exchange rates and inflation. Our factors generally explain between 55% and 78% of individual country exchange rates, with the exception of Japan where they only explain 33%. Japan (21%), along with Canada (45%), is also on the outlier for inflation, with the R-squared in the other countries generally being between 62% and 85%. The R-squared for short term interest rates ranges between 68% for Japan and 91% for the US.
[ Table 2 about here.] Table 3 reports the R-Squared for some key New Zealand variables. The domestic factors explain more than half the variance in 90 day rates, GDP, unemployment rate and the exchange rate; the R-squared on inflation is also reasonably high at 52%. These reasonably high R-squared values give us a degree of comfort that the domestic factors are capturing the New Zealand economy well. Figure 4 shows the impact of a one standard deviation shock to the level of VIX on key US variables.
Impulse responses -US Economy
[ Figure 4 about here.]
Following the shock, activity declines with GDP immediately falling by around 0.1 percent and unemployment increasing by around 0.3 per cent at its peak after five quarters. The fall in GDP is significant for a year, while the rise in unemployment last for almost two years.
In terms of the sub-components of GDP, figure 4 shows that both consumption and investment persistently fall. durables consumption, which can potentially be deferred more easily, falls more than consumption of services, although the fall in consumption services is somewhat more persistent. The components of private investment fall significantly more than the components of consumption. Residential investment response is more front loaded and higher on impact. The largest impact on non-residential investment occurs several quarters after the shock. On the capital input side, capacity utilisation also falls with a hump shaped response where the response peaks just under one per cent in about 5 quarters. Reflecting the fall in output, inflation falls. As a result of falling inflation and reduced economic activity, the Fed funds rate is cut by approximately 40 basis points.
On the financial side, despite the fall in interest rates, asset prices in the US respond significantly to the uncertainty shock. The stock market for example falls by around 1.5 per cent on impact. As we will be discussing in section 3.3 this is consistent with the responses of the stock prices around the world. Possibly in accordance with falling residential investment, house prices also respond negatively to the uncertainty shock. They fall by around 0.3 per cent within a few quarters. The BAA corporate bond spread over the Fed funds rate increases 30 basis points indicating that the increased uncertainty leads to agents facing a higher risk premium on their borrowing.
Figure 4 also shows that the US dollar exchange rate appreciates in response to this shock. 2
The appreciation of the US dollar exchange rate is consistent with a model of international risk sharing, where a shock to consumption in the US (brought about through more household saving owing to precaution owing to increased uncertainty) would see an appreciation in the exchange rate to make imported consumption goods cheaper. Alternatively it is consistent with the common perception in financial markets that the US dollar is a safe haven currency and thus in times of increased uncertainty capital flows out of currencies perceived to be more risky to the US dollar.
Leduc and Liu (2012) [ Figure 5 about here.]
Impulse Responses -World Economy
In this section we present the transmission of uncertainty shock to the rest of the world. In terms of contrasting the results between the VIX and uncertainty factor the results are quite similar, although interestingly using the VIX measure both GDP and interest rates fall by less and then they both persistently overshoot zero after about 10 quarters. Using the factor uncertainty measure, however, the individual country GDP impulse responses converge back to zero and the interest rates do not recover to zero after 15 quarters.
Perhaps an explanation is that a broad based uncertainty shock, as opposed to the financial market centric uncertainty shock represented by the VIX, is felt more severely in the world economy and for longer.
Impulse Responses -New Zealand Economy
In this section we discuss the transmission of the uncertainty shock originating in the US economy to New Zealand. Figure 11 shows the responses of selected variables for the New Zealand economy to a shock to the level of principal component measure of uncertainty.
On the activity side the effect of the shock on the New Zealand GDP is smaller than it is on the US economy but similar to the other advanced economies. The negative impact on the New Zealand GDP peaks after two to three quarters. This result is largely driven by the hump shaped dynamics of private consumption and investment. Similar to the US economy, investment in New Zealand falls more than consumption.
Interestingly, the traditional trade channel doesn't seem to contribute to the contraction in GDP following an uncertainty shock. There is not a significant fall in the exports of goods. There are a number of opposing effects in play determining the dynamics of exports. New Zealand's exchange rate falls in response to the shock, consistent with the increase in the US dollar appreciation which we discussed above. Although this and the fall in the commodity prices stemming from the fall in world demand buffer the New Zealand exports to some degree, the fall in the world output acts as a drag on exports.
Following the lower economic activity and lower exchange rate, imports fall immediately and the magnitude of the fall is almost identical to the fall in private investment.
Unemployment rate increase by over 0.1 per cent and persistently stays high for over a year. The capacity utilisation also falls significantly in response to the shock and return to its pre-shock level after a year. The contraction in output and softer capacity pressures lead a fall in CPI inflation by around 0.05 per cent. As we will be discussing below, the depreciation of the exchange rate limits to fall in the headline CPI.
New Zealand dollar exchange rate falls against every major currency (in a trade weighted sense) except against the Australian dollar. The largest fall in the New Zealand dollar is against the US dollar, which is consistent with increase in risk aversion during highly [ Figure 12 about here.]
Variance decomposition
[To be completed] Table 4 presents the variance decomposition of the VIX owing to the VIX itself, and shows that the factors can explain around 11 percent of the error variance of VIX in one year,
increasing to approximately 66 percent within 15-20 quarters horizon. This suggests that over the medium term most of the variation in the VIX can be explained by macroeconomic factors.
[ Table 3 about here.]
Conclusions
This paper studies the international transmission of a US uncertainty shock to several major advanced economies and our small open economy, New Zealand. Using a FAVAR, which treats our small open economy as block exogenous, we quantify the impact of the uncertainty shock for a number of variables and for a number of countries. We show that in the US an uncertainty shock behaves like a demand shock, with interest rates, inflation and capacity utilisation all falling. The interconnected nature of world economies means that a US uncertainty centric shock propagates through through key world economies, financial variables, commodity prices and exchange rates in a relatively synchronized manner.
However the synchronization across economies, commodity prices and exchange rates is far from perfect. Indeed the model displays remarkable consistency with our prior beliefs.
One such example is that Japanese interest rates will not be able to be cut to respond to a negative shock owing to their zero bound during the sample and therefore Japanese GDP will the most adversely affected -the model illustrates this precisely. Another is the commodity currencies will fall if commodity prices fall -the currencies of Canada,
Australia and New Zealand all fall, whilst the Yen and US dollar appreciate.
The implication of our analysis is that the non-US policy maker therefore needs to aware of international events when setting domestic policy. Our paper does provide them with some hope however -namely that the foreign demand shock behaves like a foreign demand shock. Therefore the standard demand management tools of monetary and fiscal policy can be used in response. We also show that taking a factor of commonly used uncertainty measures can generate a measure of uncertainty that is driven less by idiosyncratic components and more by true movements in uncertainty. This may represent an avenue for further research. Table 1 below lists all the series used. All data obtained from Statistic New Zealand, RBNZ and Haver, unless otherwise specified. Output is measured using real value added using the production accounts. Column two shows the transformations used (1 for no transformation, 2 for natural logarithm and 3 for first difference of natural logarithm). 
